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Conﬂuence-Induced Squamous Differentiation Is Not
Accompanied by Changes in H3K27me3 Repressive
Epigenetic Mark
Orla M. Gannon1, Lilia Merida de Long1, Mehlika Hazar-Rethinam1, Eleni Topkas1, Liliana B. Endo-Munoz1,
Gethin P. Thomas1, Ping Zhang1,2 and Nicholas A. Saunders1
Recent studies have reported that epigenetic mechanisms may regulate the initiation and progress of squamous
differentiation in normal and transformed keratinocytes. In particular, the role of the repressive H3K27me3 mark
in the regulation of squamous differentiation has been prominent. However, there is conﬂicting literature
showing that squamous differentiation may be dependent upon or independent of changes in H3K27me3 status.
In this study we have examined the binding of trimethylated H3K27 to the promoters of proliferation or
differentiation genes in keratinocytes undergoing squamous differentiation in vitro and in vivo. Initially, we
examined the expression levels for EZH1, EZH2, and H3K27me3 in differentiating keratinocytes in vitro and
in vivo. We extended this to include H3K27me3 chromatin immunoprecipitation sequencing (ChIP-seq). Based
on these studies, we could ﬁnd no evidence for an association between widespread gain or loss of H3K27me3 on
the promoters of proliferation-speciﬁc or differentiation-speciﬁc target genes, respectively, during squamous
differentiation in adult human keratinocytes. These data suggest that squamous differentiation may occur
independent of regulation by H3K27me3 on proliferation and differentiation genes of normal adult human
keratinocytes.
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INTRODUCTION
Squamous differentiation refers to a process whereby pro-
liferative/undifferentiated cells of the basal layer of stratiﬁed
squamous epithelia withdraw from the cell cycle and commit
to a program of terminal differentiation. The growth arrest,
which precedes terminal differentiation, is irreversible and
characterized by the decreased expression of proliferation-
associated genes such as CDC2 and E2F1 (Jones et al., 1997;
Dahler et al., 1998; Dicker et al., 2000), followed by the
induction of differentiation-associated genes such as keratin-
10, involucrin (IVL), and transglutaminase 1 (Fuchs and
Green, 1980; Eckert, 1989). Although the expression of
differentiation-speciﬁc genes is largely regulated by transcrip-
tion factors (Eckert et al., 1997), there is recent evidence that
epigenetic mechanisms (Sen et al., 2008, 2010; Ezhkova
et al., 2009; Shaw and Martin, 2009; Wurm et al., 2015)
may regulate this transcriptional program. In particular, the
repressive histone modiﬁcation, histone H3 lysine 27
trimethylation (H3K27me3), has been reported to repress
differentiation genes in proliferative and undifferentiated
keratinocytes in epidermal development (Ezhkova et al.,
2009), in a wound healing model (Shaw and Martin, 2009),
and in undifferentiated adult keratinocytes in vitro (Sen et al.,
2008). Trimethylation of lysine 27 of histone H3 is mediated
by the polycomb repressive complex 2 (PRC2), comprising a
regulatory subunit of EED and SUZ12 and a catalytic subunit,
EZH2 (Czermin et al., 2002). However, during postnatal
development there is a switch from EZH2 dominance to EZH1
dominance in adult epidermis (Ezhkova et al., 2009). In this
way, H3K27 methylation status remains under tight control
regardless of whether EZH1 or EZH2 predominates.
Trimethylation of H3K27 (H3K27me3) is classically asso-
ciated with transcriptional repression/silencing (Barski et al.,
2007), and removal of the repressive trimethylation mark
on H3K27 is mediated by the demethylases UTX and JMJD3
(Hong et al., 2007). Thus, H3K27 methylation status is
regulated by the opposing actions of speciﬁc methyltrans-
ferases and demethylases. H3K27 methylation status and the
PRC2 are known to be disrupted in malignancy (Schlesinger
et al., 2007).
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There have been several reports that PRC2-mediated gene
repression may contribute to the regulation of squamous
differentiation of the interfollicular epidermis, in both an
embryonic and an adult tissue context (see, e.g., Sen et al.,
2008; Ezhkova et al., 2009, 2011). However, interpretation of
the role of PRC2-mediated gene regulation in squamous
differentiation is confounded by some conﬂicting data. For
instance, it has been reported that H3K27me3 is lost from the
promoter regions of keratinocyte differentiation genes (e.g.,
those on the epidermal differentiation complex (EDC),
chromosome 1) in developing embryonic skin and also in
conjunction with calcium-induced differentiation in keratino-
cytes isolated from adult skin (Sen et al., 2008; Ezhkova et al.,
2009). Consistent with this, it has been reported that
overexpression of the H3K27me3 demethylase, JMJD3, or
knockdown of EZH2 in adult keratinocytes can induce a
precocious differentiation of keratinocytes in vitro (Sen et al.,
2008). Similarly, we have previously shown that differen-
tiation defects in malignant keratinocytes are attributable
to epigenetic defects mediated by overexpression of EZH2
(Gannon et al., 2013) and have shown that pharmacological
inhibition of EZH2 (Gannon et al., 2013) or global histone
deacetylase activity (Saunders et al., 1999) in transformed
keratinocytes can also induce modest increases in differen-
tiation genes (Saunders et al., 1999).
These data suggest that loss of H3K27me3 on the promoters
of differentiation genes may be sufﬁcient to initiate squamous
differentiation. However, the skin derived from mice lacking
both EZH1 and EZH2 (Ezhkova et al., 2011) survives
engraftment with no evidence of a differentiation defect,
despite a total lack of H3K27me3. In contrast, keratinocytes
deﬁcient for both EZH1 and EZH2 are unable to proliferate
in vitro, suggesting that context-speciﬁc effects of H3K27me3
deﬁciency differ between in vitro and in vivo systems. Adding
to this complexity, it has been shown that transition from a
neonatal state to an adult state is accompanied by a loss of
expression of EZH2 and an increase in EZH1 in murine skin
(Ezhkova et al., 2009). A recent study has also suggested that
EZH2 is able to methylate the transcription factor activator
protein-2 and thereby inﬂuence transcription of differentiation
genes in murine epidermis (Wurm et al., 2015). Hence, the
role of PRC-2-mediated gene regulation in squamous
differentiation remains unclear.
Given the observation that murine epidermis that lacks
H3K27me3 still exhibits normal differentiation (Ezhkova et al.,
2011), we wondered whether this paradoxical observation
could be attributable to the context in which squamous
differentiation is initiated. Hence, in this study, we have inves-
tigated whether localized or global changes in H3K27me3
occur during conﬂuence (contact)-induced squamous
differentiation. To do this, we performed a genome-wide
H3K27me3 chromatin immunoprecipitation sequencing
(ChIP-seq) analysis of target genes in a conﬂuence-induced
squamous differentiation model. Conﬂuence is known to
induce squamous differentiation in the absence of exogenous
differentiation-inducing stimuli such as elevated calcium
(Poumay and Pittelkow, 1995). Our analysis also examined
whether de novo methylation of H3K27me3 can occur at the
promoters of proliferation-speciﬁc genes that are down-
regulated upon differentiation.
Our ﬁndings show that forced manipulation of EZH2 in a
proliferative keratinocyte is sufﬁcient to induce expression
of a select number of terminal differentiation genes. How-
ever, H3K27me3 ChIP-seq analysis demonstrated that only
a relatively small set of genes, which are differentially
expressed upon conﬂuence, were accompanied by changes
in H3K27me3 localization. A signiﬁcant conclusion from our
data is that, although manipulation of PRC2-mediated gene
silencing in adult human keratinocyte is sufﬁcient to modify
expression of squamous differentiation genes, we provide
clear evidence that the endogenous differentiation program
can proceed independent of widespread gene-speciﬁc
changes in H3K27me3 levels.
RESULTS
We ﬁrst validated that culture conﬂuence can induce a
physiologically relevant squamous differentiation event.
Upon conﬂuence, proliferation (BrdU) and colony-forming
efﬁciency are decreased (Figure 1a), with a concomitant
downregulation of the cell cycle protein CDC2 (Figure 1b)
and a upregulation of the differentiation gene IVL (Figure 1b).
Upon conﬂuence, EHZ2 expression is decreased and EZH1
expression is maintained (Figure 1b), with no change in the
abundance of H3K27me3 (Figure 1b). In contrast, calcium-
induced differentiation causes modest induction of IVL in the
absence of changes to EZH2 or CDC2 expression (Figure 1b).
The sustained levels of H3K27me3 upon conﬂuence-induced
differentiation are recapitulated in the adult epidermis, with
IVL-positive cells colocalizing with H3K27me3 (Figure 1c).
Consistent with the results obtained in vitro, EZH2 is more
abundant in undifferentiated basal keratinocytes, whereas
EZH1 expression is maintained throughout the epidermis
(Figure 1d). Hence, conﬂuence-induced differentiation reca-
pitulates the transition from a proliferative basal state to a
postmitotic terminally differentiated state similar to that
observed in the interfollicular epidermis. In contrast,
calcium-induced differentiation induced modest expression
of the differentiation gene, IVL, in the absence of a signiﬁcant
change in the proliferation marker, CDC2, or a corresponding
change in EZH2 (Figure 1b).
The observed decrease in EZH2 expression upon squamous
differentiation has functional consequences, as EZH2 knock-
down induced precocious expression of a suite of terminal
differentiation genes such as IVL, transglutaminase type 1,
S100A8, and LCE2B (Figure 1f and g). However, H3K27me3
levels remained unaltered following EZH2 knockdown
(Figure 1e).
Given that total H3K27me3 levels did not change during
conﬂuence-induced differentiation (Figure 1e), presumably
due to a compensation of EZH2 loss by EZH1, we examined
whether H3K27me3 was localized to a different suite of genes
in proliferating versus differentiated keratinocytes or whether
there was evidence for localized loss from differentiation
genes. Sen et al. (2008) have previously reported that
calcium-induced differentiation is accompanied by a loca-
lized loss of H3K27me3 from a select group of differentiation
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Figure 1. Conﬂuence and EZH2 inhibition can induce differentiation genes. (a) Proliferation was determined in subconﬂuent, proliferating (Prol), or
postconﬂuent (Conf) keratinocytes through BrdU incorporation. Colony-forming efﬁciency (CFE) decreased to 0 by 7 day after– conﬂuence; n=5. (b) Protein was
isolated from Prol keratinocytes 48 hours after treatment with 1.2 mM calcium chloride (CaCl2; Ca
2+) or conﬂuent keratinocytes, and expression of involucrin
(IVL), cdc2, EZH2, EZH1, and H3K27me3 protein was determined. (c) Adult skin was immunostained for H3K27me3 and IVL. Dotted line represents the
basement membrane. Scale bar= 20 μm. (d) Normal adult skin was immunostained for EZH2 and EZH1 or IgG. Scale bar=20 μm. (e) Keratinocytes transfected
with EZH2 or nontargeting (nc) short interfering RNA (siRNA) were immunoblotted for EZH2 and H3K27me3 48 hours after transfection. β-Actin is a loading
control. (f) Keratinocytes transfected with EZH2 or nc siRNA were immunoblotted for EZH2 and IVL 48 or 96 hours after transfection. β-Actin is a loading control.
(g) mRNA expression of differentiation genes was determined in conﬂuent or 48-hour posttransfection keratinocytes, normalized for TBP (TATA-binding protein)
expression levels. n=3. *Po0.05. Error bars represent mean± SEM. DAPI, 4',6-diamidino-2-phenylindole.
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genes. We ﬁrst performed a transcriptomic analysis to identify
conﬂuence-associated differentially expressed genes (Supple-
mentary Table S1 online), followed by ChIP-seq to determine
the localization of H3K27me3 during differentiation. There
were 850 genes upregulated 42-fold, and 750 genes down-
regulated by 450% upon culture conﬂuence. As expected,
conﬂuence induced expression changes in canonical differ-
entiation genes, including well-characterized transcripts such
as SPRR1B (corniﬁn), transglutaminase 1, a suite of late
corniﬁed envelope genes, and S100 proteins (Supplementary
Table S1 online), whereas cell cycle genes such as CDC2
and CDC20 were downregulated, and epigenetic regulators
of signiﬁcance to squamous differentiation UHRF1, DNMT1,
and EZH2 were also decreased (Supplementary Table S1
online). These data clearly establish that conﬂuence is a
physiologically relevant model of squamous differentiation.
Expression microarray results were validated by quantita-
tive reverse transcriptase–PCR and normalized for TBP
(TATA-binding protein) expression (Allen et al., 2008). RNA
was isolated from new cultures of proliferative and conﬂuent
keratinocytes, and 10 upregulated and 9 downregulated
genes were validated. These validation sets included ﬁve
loci from the EDC on chromosome 1q21 that contains
differentiation genes such as IVL, late corniﬁed envelope
family, and S100 family that are thought to be PRC2 regulated
(Ezhkova et al., 2009). Quantitative PCR (qPCR) validated
the differentially expressed genes from the microarray analysis
(Figure 2) and indicated the robustness of our screen and
its validity as a model of squamous differentiation. Gene
ontology analysis showed that top altered pathways included
epidermal differentiation, keratinization, and cell cycle
progression (Figure 2c).
ChIP assays were performed to determine the genome-wide
localization of H3K27me3 in proliferative and conﬂuent
keratinocytes. Chromatin was isolated from two paired
independent replicates of proliferative and conﬂuent primary
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Figure 2. Microarray results for differentially expressed genes (DEGs) were validated. (a) Quantitative PCR (qPCR) was used to determine mRNA expression of
downregulated genes from microarray. Independent RNA samples were isolated from proliferative or 7-day postconﬂuent keratinocytes. Expression levels are
expressed in arbitrary units normalized for TBP (TATA-binding protein) expression. n=4. (b) qPCR was used to determine mRNA expression of upregulated genes
from microarray. Independent RNA samples were isolated from proliferative or 7-day postconﬂuent keratinocytes. Expression levels are expressed in arbitrary
units normalized for TBP expression. (c) Gene ontology (GO) analysis was performed on microarray DEGs to determine top regulated pathways. Expected refers
to expected number of DEGs in the GO pathway due to chance, and Observed is the number of DEGs at conﬂuence in the GO pathway in microarray data set.
A high observed to expected ratio indicates enrichment of GO term at conﬂuence. Error bars represent mean± SEM, *Po0.05, **Po0.01, ***Po0.005, and
****Po0.001.
OM Gannon et al.
H3K27me3 Retention During Differentiation
www.jidonline.org 2449
keratinocytes, and chromatin was immunoprecipitated with
antibodies against H3K27me3, with IgG and histone H3 (data
not shown) used as negative and positive immunoprecipita-
tion controls, respectively. ChIP DNA from H3K27me3 and
Input samples were then subjected to next-generation
sequencing to determine the localization of the H3K27me3
histone modiﬁcation on a genome-wide level. A total of 20 to
40 million 100 base-pair paired-end reads were sequenced
per ChIP sample. ChIP-seq analysis was completed using the
program HOMER (Heinz et al., 2010) that is able to analyze
enrichment at broad genomic regions, as is the case for
H3K27me3. Input DNA was used as a control.
Surprisingly, analysis of H3K27me3 ChIP-seq data revealed
minimal changes in H3K27me3 on the promoters of
differentiation- or proliferation-speciﬁc genes that we had
shown to be differentially expressed during differentiation
(Figure 3a–c and Supplementary Tables S2–S7 online). We
accessed ENCODE Histone Modiﬁcation data for H3K27me3
(ENCODE Project Consortium, 2012) that determined locali-
zation of H327me3 in proliferating human keratinocytes.
Visualization of the ENCODE data alongside sequencing data
from this report (Figure 2c, ENCODE) shows a high degree of
correlation between H3K27me3 at the EDC in the two
different experiments.
A total of 333 genomic regions were enriched for
H3K27me3 binding in the proliferative state. However, only
28 of the 333 regions that were ≥2-fold enriched for
H3K27me3 had nearby transcripts that were upregulated
upon conﬂuence-induced differentiation (Figure 3a and
Supplementary Table S6 online). Similarly, of the 2,223
genomic regions that were enriched for H3K27me3 in
conﬂuent cells, only 52 were associated with transcripts that
were downregulated at conﬂuence-induced differentiation
(Figure 3b and Supplementary Table S7 online). The methyl-
ation changes were largely detected in nonclassical
differentiation-regulated genes, i.e., there were no loss of
H3K27me3 from the EDC genes such as IVL or S100A8
(Figure 4a). Interestingly, we detected loss of methylation from
the promoter of NDRG4 (Figure 4b), a transcription factor that
is upregulated at conﬂuence, an observation that was also
noted by Sen et al. (2008) during calcium-induced keratino-
cyte differentiation. Furthermore, we also detected demethy-
lation from the genomic region immediately adjacent to miR
203 (Figure 4c). The miR203 has been shown to have an
important role in keratinocyte differentiation through repres-
sion of p63 and stemness genes (Yi et al., 2008) and is
upregulated upon keratinocyte differentiation and cell cycle
exit (McKenna et al., 2010).
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Figure 3. H3K27me3 levels do not change in association with gene expression in proliferating or postconﬂuent keratinocytes. Chromatin immunoprecipitation-
sequencing (ChIP-seq) was used to determine genome-wide localization of H3K27me3 in proliferating (Prol) and 7-day postconﬂuent (Conf) keratinocytes. (a) A
total of 333 genes (red text) were marked by H3K27me3 in Prol cultures only, (b) 2,223 genes (red text) were marked by H3K27me3 in conﬂuent only.
Differentially expressed genes upon conﬂuence were determined from expression microarray. Genes were identiﬁed that are differentially expressed
and lose or gain H3K27me3. (c) Levels of H3K27me3 bound to a region rich in differentiation genes on chromosome 1 in ChIP-seq data from the ENCODE
consortium (ENCODE) or this study (proliferative human epidermal keratinocytes (HEKs) and conﬂuent HEKs). Numbers represent axis height on UCSC
(University of California Santa Cruz) browser.
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Thus, alterations in H3K27me3 marks were infrequently
associated with genes that displayed a differentiation-speciﬁc
pattern of expression. This suggests that, in contrast to what
may be expected, there may not be a causal association
between loss of H3K27me3 marks and the derepression of
known differentiation-speciﬁc transcripts. In order to conﬁrm
this observation, and validate the ChIP-seq data, H3K27me3
ChIP was performed on four independent replicates of
proliferative and conﬂuent keratinocytes, followed by qPCR
with loci that are H3K27me3 bound (IVL, S100A8, and KRT1)
and a non-H3K27me3-bound region (glyceraldehyde-3-phos-
phate dehydrogenase) (Figure 4d). These data validated the
ChIP-seq results, showing no quantitative changes in the
levels of H3K27me3 on the promoters of differentiation
genes that we know are transcribed upon differentiation
(Figure 4d).
DISCUSSION
In this study, we present the results of a genome-wide screen
of changes in localization of the repressive H3K27me3 mark
during a physiologically relevant program of squamous
differentiation by normal human keratinocytes. We show that
(1) conﬂuence-induced squamous differentiation and epider-
mal differentiation are accompanied by loss of EZH2
expression coupled with persisting EZH1 expression, (2)
squamous differentiation is associated with unaltered total
expression of H3K27me3 in vitro and in vivo, and (3) that
induction of squamous differentiation genes and loss of
proliferation genes occur independent of alterations in the
levels of the H3K27me3 mark on their promoters and
upstream regulatory regions.
The ﬁndings of our study provide clarity on some of the
apparent paradoxes relating to the role of H3K27me3 in the
control of squamous differentiation. In particular, we show
that, in the context of contact-inhibited normal human
epidermal keratinocytes, there is no widespread change in
H3K27me3 promoter binding or global expression of
H3K27me3. Moreover, we show that there is little, if any,
association between the binding of H3K27me3 to promoters
of genes silenced or induced during squamous differentiation.
We do show changes to a small subset of differentiation genes
(e.g., NDRG4, mir203) that may highlight a targeted role in
H3K27me3 regulating “master regulators” of differentiation
rather than differentiation genes en mass. However, the
majority of differential transcriptomic events clearly occur in
the context of unchanged H3K27me3 marks––i.e., the EDC
on chromosome 1. These observations are recapitulated
in vivo and are consistent with previous observations that
total ablation of H3K27me3 in keratinocytes does not alter the
differentiation program of engrafted epidermal sheets in vivo
(Ezhkova et al., 2011). These data indicate that squamous
differentiation can proceed independent of changes in
promoter-bound H3K27me3.
In contrast, it is clear that manipulation of H3K27me3-
modifying enzyme activity, in the context of proliferating/
uncommitted keratinocytes or malignant keratinocytes, is able
to modify the expression of squamous differentiation markers
(Sen et al., 2008; Ezhkova et al., 2009, 2011; Gannon et al.,
2013). Previous studies have shown that exposure of
proliferating keratinocytes to high calcium concentrations is
accompanied by a loss of H3K27me3 marks on a small
fraction of differentiation genes (Sen et al., 2008). Moreover,
transient overexpression of the histone H3K27 demethylase,
JMJD3, induced a subset of squamous differentiation genes
(Sen et al., 2008). Finally, we have previously shown that
transient inhibition of EZH2 or treatment with a PRC2
inhibitor, 3-Deazaneplanocin A, is able to induce expression
of a select set of differentiation genes in differentiation-
refractory squamous cell carcinoma cells and normal
keratinocytes (Gannon et al., 2013). Combined, these data
demonstrate that manipulation of H3K27me3 marks in the
context of proliferating/uncommitted keratinocytes or
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Figure 4. Chromatin immunoprecipitation sequencing (ChIP-seq)
visualization and validation. Genomic regions of interest that showed (a) no
changes in H3K27me3 (S100A8) or (b and c) loss of H3K27me3 (NDRG4,
mir203) were visualized in the UCSC (University of California Santa Cruz)
browser. The same y-axis heights were used to visualize both proliferative
(Prol) and conﬂuent (Conf) keratinocyte data. (d) Quantitative PCR (qPCR) was
used to validate ChIP-seq results on a non-H3K27me3-bound locus
(glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) and H3K27me3-
bound locus (involucrin (IVL), KRT1, S100A8) in proliferative or conﬂuent
keratinocytes. Data represent a relative enrichment score. n=4, error bars
represent mean± SEM. NS, not signiﬁcant.
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malignant keratinocytes is able to induce some events
normally associated with squamous differentiation. How-
ever, it should be noted that these data relate to in vitro
systems in which the cellular context (e.g., transformation) or
the H3K27me3 status is modiﬁed exogenously and thus are
reﬂective of a perturbed system. Although the molecular basis
for noncontextual H3K27me3-dependent differentiation
events is unclear, it is interesting to speculate that it may
involve nonhistone methylation events. For example, a recent
report described a role for EZH2 in the context of squamous
differentiation (Wurm et al., 2015). Speciﬁcally, it was
reported that, in murine keratinocytes, EZH2 directly methy-
lates the transcription factor Fra-2, an activator protein-1
family member, resulting in inhibition of its transcriptional
activity yet continued binding to promoter elements (Wurm
et al., 2015). Hence, noncontextual perturbations to EZH2
activity may result in unprogrammed loss of inhibitory
methylations of transcription factors and subsequent derepres-
sion of differentiation regulatory transcription factors
independent of the changes in H3K27me3 marks.
Context is also central to the role of epigenetic modiﬁers
and H3K27me3 repression in the developing periderm/
epidermis. For example, EZH2 is the predominant subunit of
PRC2 in the developing epidermis after which there is a
switch to EZH1 dominance in the adult epidermis. These data
suggest that the role of epigenetic control in differentiation
may differ between developing and adult epidermis and its
appendages, although it remains unclear whether this is
reﬂected in changes in the genes subject to H3K27me3
control. Consistent with this switch, EZH2 activation main-
tains the trimethylation mark on H3K27, resulting in the
repression of differentiation-speciﬁc genes in the developing
epidermis (Ezhkova et al., 2009). However, it has also been
shown that repressive heterochromatin marks (such as
H3K27me3) may be less dynamic than “permissive” marks
such as H3K4 methylation and that dynamic changes in
histone modiﬁcations may be more relevant in an
embryological setting rather than a somatic adult tissue
(Koche et al., 2011). Context speciﬁcity in H3K27me3
effects is not restricted to differentiating keratinocytes. For
example, a study examining the role of EZH2 and H3K27me3
in muscle satellite cell fate and differentiation concluded that
H3K27me3-bound genes were those associated with lineage;
however, the PRC2 repressive mechanism was not respon-
sible for skeletal muscle terminal differentiation (Woodhouse
et al., 2013). Furthermore, in this context, many H3K27me3-
marked genes were not upregulated upon EZH2 loss,
suggesting that H3K27me3-marked genes may be regulated
by additional epigenetic repression (Woodhouse et al., 2013).
Adding to this complexity are data suggesting that
epigenetic control may also differ between stem and nonstem
cell compartments. For example, studies have shown that
H3K27me3 loss was necessary, but not sufﬁcient, to “ﬂip the
switch” for the conversion of a hair follicle stem cell during
transit amplifying fate commitment (Lien et al., 2013).
Similarly, it has also been shown that EZH1 and EZH2
regulate the fate determination in epidermal stem cell
differentiation, causing increased differentiation to the
Merkel cell lineage (Bardot et al., 2013). Thus, it is clear
that terminal differentiation of epidermal keratinocytes is
mechanistically different from the fate commitment that can
be observed in differentiation of stem cells. Overall, these
data suggest that the potential role of H3K27me3 differs
between adult and developing tissues and also between stem
and nonstem cell differentiation.
Thus, we conclude that conﬂuence-induced differentiation
is associated with a functional reduction in EZH2, with
no change in H3K27me3 abundance on the promoters of
differentiation genes. Collectively, these results suggest that
the role of epigenetic regulation of squamous differentiation is
more multidimensional than simply being regulated by
recruitment of single heterochromatic epigenetic marks.
MATERIALS AND METHODS
Tissue culture
Epidermal keratinocytes were isolated from neonatal human foreskins
as per Jones et al. (1997) and cultured in serum-free media (GIBCO,
Mulgrave, Australia). Proliferative cells were maintained as subcon-
ﬂuent cultures, and differentiation was induced by the addition of
1.2mM calcium chloride for 48 hours or maintenance after conﬂuence
to 7 days unless otherwise speciﬁed. All human tissue samples were
collected under approval from the institutional ethics committee.
Written, informed consent was obtained from the parents or guardians
of patients before collection of tissue for experimental use.
Short interfering RNA delivery
Subconﬂuent passage 3 keratinocytes were transfected with a
nontargeting short interfering RNA or a short interfering RNA
targeting EZH2 (Cell Signaling Technology, Danvers, MA) as
previously described (Gannon et al., 2013).
Colony-forming assay
Colony-forming efﬁciency was determined as previously described
(Gannon et al., 2013).
BrdU proliferation assay
BrdU incorporation was performed as previously described (Gannon
et al., 2013).
Immunoblot
Protein extraction and western blot were performed as previously
described (Gannon et al., 2013). Membranes were incubated with
the following primary antibodies at 4 °C overnight in 5% skim milk in
Tris-buffered saline with Tween-20: IVL (I-9018; Sigma Aldrich, St
Louis, MO) 1:10,000, mouse anti-β-actin (A-2228; Sigma Aldrich)
1:10,000, CDC2 (Santa Cruz Biotechnology, Dallas, TE) 1:500,
H3K27me3 (07-449; Upstate, Billerica, MA) 1:1,000, EZH1 (64850;
Abcam, Cambridge, UK) 1:500, or in 5% BSA in Tris-buffered saline
with Tween-20: EZH2 (5246; Cell Signaling Technology) 1:1,000.
Secondary antibodies were donkey anti-mouse or rabbit horseradish
peroxidase conjugated (Life Technologies, Mulgrave, Australia) and
were used at 1:5,000 or 1:20,000 (for β-actin).
Immunohistochemistry
Immunohistochemistry on ﬁxed, parafﬁn-embedded sections of
normal adult skin was performed as previously described (Gannon
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et al., 2013). Antibodies used were IVL (I-9018; Sigma Aldrich)
1:100, EZH2 (5246; Cell Signaling) 1:50, and EZH1 (64850) 1:50.
Normal rabbit IgG (DAKO, North Sydney, Australia) or normal
mouse IgG (DAKO) was used as a negative control at the appropriate
concentration. Secondary antibodies used were goat anti-mouse
Alexa Fluor 488 or 555 (Molecular Probes, Carlsbad, CA) or goat
anti-rabbit horseradish peroxidase (Molecular Probes) at a concen-
tration of 1:1,000. Nuclei were stained with 4',6-diamidino-2-
phenylindole (Cell Signaling Technology).
RNA isolation and quantitative reverse transcriptase–PCR
RNA isolation, complementary DNA synthesis, and quantitative
reverse transcriptase–PCR were performed as per Gannon et al.
(2013). Primer sequences are described in Supplementary Table S8
online.
Chromatin immunoprecipitation
ChIP was performed using the Simple ChIP Enzymatic Chromatin IP
kit (Magnetic) (Cell Signaling Technology) in accordance with the
manufacturer’s instructions with two changes. Brieﬂy, 4×106
keratinocytes were collected for each condition. DNA was fragmen-
ted into nucleosomal-sized fragments using the micrococcal nucle-
ase provided in the kit with parameters optimized for fragmentation
into primarily single nucleosome–sized fragments (4 μl per 4× 106
cells). Chromatin was precleared using 20 μl of Protein G magnetic
beads (Cell Signaling Technology) per 4×106 cells. Chromatin was
incubated with antibodies against H3K27me3 (07-449; Upstate),
normal rabbit IgG (Cell Signaling Technology), or histone H3 (Cell
Signaling Technology) overnight at 4 °C.
Quantitative ChIP (qCHIP) PCR
Quantitative PCR was performed using ChIP extract and 1%
input samples. Relative enrichment was calculated using the
formula 2(Input Ct – ChIP Ct), where Ct is the calculated threshold.
Primers are described in Supplementary Table S8 online.
ChIP sequencing
ChIP extract from 4 million cells was subjected to next-generation
sequencing library preparation for Illumina HiSEQ 2000 using
the NEBNext ChIP Seq Library Mastermix Kit for Illumina
(E6240; New England Biolabs, Ipswich, MA) using the NEBNext
Multiplex Oligos for Illumina (E7600S; New England Biolabs)
in accordance with the manufacturer’s instructions. Libraries
were validated using a Bioanalyzer High Sensitivity ChIP (Agilent,
Santa Clara, CA) before multiplex sequencing on a HiSEQ 2000
(Illumina, San Diego, CA) with 2× 100 bp paired-end sequencing
chemistry.
ChIP-seq analysis
FASTQ data from H3K27me3 ChIP or Input DNA ChIP were aligned
to hg19 reference using Bowtie (Langmead et al., 2009) using –m 1
option to suppress reads aligning to more than one position on the
genome. H3K27me3 peaks were called using HOMER (Heinz et al.,
2010) with Input reads used as a control. ﬁndPeaks module was used
to call peaks, using the settings –style histone, -o auto, -size 1000,
-minDist 2500, –C 0, and -L 0. These settings were optimal for calling
broad histone modiﬁcations and allowed for stitching together of
nearby adjacent peaks of similar intensity. To call differential peaks,
the getDifferentialPeaks command was invoked, using ﬁxed peak
sizes, Poisson P-value cutoff 1e− 04, and fold-change cutoff
≥ 2. Peaks were then annotated using annotatePeaks and the hg19
genome build.
Encode (ENCODE Project Consortium, 2012) ChIP-seq tracks for
H3K27me3, which were performed in proliferative keratinocytes,
were accessed via the UCSC (University of California Santa Cruz)
browser.
Gene ontology analysis
Gene ontology analysis was performed using Chipster (Kallio et al.,
2011) for microarray analysis.
Microarray
Microarray was used to determine differentiation gene expression in
RNA from proliferative and conﬂuent keratinocytes as per Cameron
et al. (2012). The program ChipSter (Kallio et al., 2011) was used for
data manipulation. Data were quantile normalized, and expression
changes were calculated. Data have been deposited to Gene
Expression Omnibus under the reference GSE24965.
Microarray validation
RNA was isolated from three independent cultures of proliferative or
7-day postconﬂuent keratinocytes. qPCR was performed to validate
microarray results for genes that were differentially expressed as per
the microarray analysis. Primer sequences are in Supplementary
Table S8 online.
Statistical analysis
For qPCR expression, BrdU analysis, colony-forming efﬁciency,
and ChIP qPCR, statistical signiﬁcant was calculated using Student’s
t-test, performed using Graph Pad Prism (Graph Pad Software,
La Jolla, CA).
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